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HIGHLIGHTS 
• Variability in heavy metal build-up and wash-off processes characterised.  
• Particulate behaviour induces uncertainty in heavy metal build-up and wash-off.  
• Heavy metals are predominantly concentrated in particle size fraction <150µm. 
• Organic matter influences interactions between heavy metals and particulates. 
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ABSTRACT 
Uncertainty inherent to heavy metal build-up and wash-off stems from process variability. This 
results in inaccurate interpretation of stormwater quality model predictions. The research study 
has characterised the variability in heavy metal build-up and wash-off processes based on the 
temporal variations in particle-bound heavy metals commonly found on urban roads. The study 
outcomes found that the distribution of Al, Cr, Mn, Fe, Ni, Cu, Zn, Cd and Pb were consistent 
over particle size fractions <150µm and >150µm, with most metals concentrated in the particle 
size fraction <150µm. When build-up and wash-off are considered as independent processes, the 
temporal variations in these processes in relation to the heavy metals load are consistent with 
variations in the particulate load. However, the temporal variations in the load in build-up and 
wash-off of heavy metals and particulates are not consistent for consecutive build-up and wash-
off events that occur on a continuous timeline. These inconsistencies are attributed to 
interactions between heavy metals and particulates <150µm and >150µm, which are influenced 
by particle characteristics such as organic matter content. The behavioural variability of particles 
determines the variations in the heavy metals load entrained in stormwater runoff. Accordingly, 
the variability in build-up and wash-off of particle-bound pollutants needs to be characterised in 
the description of pollutant attachment to particulates in stormwater quality modelling. This will 
ensure the accounting of process uncertainty, and thereby enhancing the interpretation of the 
outcomes derived from modelling studies.   
Keywords: Heavy metals; Pollutant build-up; Pollutant wash-off, Process uncertainty; 
Stormwater quality; Stormwater pollutant processes 
1. INTRODUCTION  
Heavy metals are common stormwater pollutants found in urban environments. The presence of 
different heavy metal species is attributed to specific sources, particularly automobile-use 
activities and industrial activities (Councell et al., 2004; Gunawardena et al., 2013; Mummullage 
et al., 2014). During dry weather periods, heavy metals build-up on urban impervious surfaces 
(e.g. roads, parking lots), and are subsequently washed-off during storms events. Stormwater 
runoff, which may carry significant amounts of heavy metals, is thus identified as a major non-
point source of pollution to urban water bodies (Al Bakri et al., 2008).  
The toxicity and the bioavailability of heavy metals discharged to urban waters exert significant 
impacts on ecosystem health (Beasley and Kneale, 2002; Islam et al., 2015). Consequently, urban 
water management recognises the importance of the mitigation of heavy metal pollution of 
stormwater as essential for safeguarding the urban aquatic environment (Barbosa et al., 2012; 
Niemczynowicz, 1999). However, the effectiveness of treatment strategies for removing specific 
pollutants such as heavy metals can be unreliable. This is due to decision making in relation to 
stormwater pollution mitigation relying on incomplete knowledge about the processes which 
these pollutants undergo (Li et al., 2006; Revitt et al., 2014; Stagge et al., 2012). In this context, 
the intrinsic variability of pollutant build-up and wash-off processes is one of the least 
investigated attributes of pollutant processes. This process variability creates uncertainty in 
relation to these processes. The process uncertainty constrains the accurate interpretation of 
stormwater quality predictions, which is the basis for management decision making (Haddad et 
al., 2013; Lee et al., 2012; Sun et al., 2012; Zoppou, 2001). Therefore, poor assessment of process 
uncertainty may significantly impact on the effectiveness of any stormwater pollution mitigation 
strategies implemented.  
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The common practice for predicting stormwater quality is the use of computer based models 
(Zoppou, 2001). However, current approaches in modelling do not enable the assessment of 
process uncertainty due to several limitations. Models which are widely used, for example, 
Stormwater Management Model-SWMM (Rossman, 2009) and Mike URBAN (MikeUrban, 
2014a) are physically based, and capable of simulating key hydrologic and hydraulic processes 
and stormwater quality. However, the mathematical replication of pollutant processes in these 
models does not adequately describe the variations in pollutant load and composition during 
these processes. Moreover, a commonly used modelling approach, namely, Model for Urban 
Stormwater Improvement Conceptualisation-MUSIC (MUSIC, 2009) is recognised as primarily 
being suitable for conceptual level modelling. This is due to its limitations in modelling the 
complex behaviour of pollutants such as chemical interactions between different pollutants while 
undergoing pollutant processes (Elliott and Trowsdale, 2007). Similarly, the regression 
relationships of pollutant concentrations adopted in another commercially available modelling 
tool, SIMPLE KAREN, are found to poorly replicate the temporal variations of pollutant loads 
in stormwater runoff (Dotto et al., 2012; Rauch and Kinzel, 2007).        
Understanding the sources of uncertainty is critical for its accurate assessment (Hvitved-Jacobsen 
et al., 2010; Zoppou, 2001). In regard to heavy metal build-up and wash-off, variations in heavy 
metal load and composition (mixture of the amounts of different heavy metal species) generates 
variability in these processes. These variations are predominantly influenced by the behaviour of 
particulates to which the heavy metals are attached, during build-up and wash-off (Kayhanian et 
al., 2012; Patra et al., 2008; Sansalone and Buchberger, 1997; Wijesiri et al., 2015a). Moreover, 
past studies have reported that different sized particles exhibit different behaviour while 
undergoing build-up and wash-off (Furumai et al., 2002; Vaze and Chiew, 2002), and the 
concentration of associated heavy metals vary among these particle size ranges (Herngren et al., 
2006; McKenzie et al., 2008; Sansalone and Buchberger, 1997). As such, it is evident that the 
behaviour of different sized particles primarily determines the variability in heavy metal build-up 
and wash-off.  
Specifically, Wijesiri et al. (2015a, b) suggested that the temporal variations of particles <150µm 
and >150µm during build-up and wash-off determine the variability in associated pollutant load 
and composition in built-up over the dry weather period and washed-off during a storm event. 
In the investigation of commonly available heavy metals associated with road deposited solids 
(Zn, Al, Fe, Mn, Cu, Cd, Cr and Pb), Herngren et al. (2006) concluded that these are primarily 
bound to particles <150µm. Consequently, the importance of understanding pollutant build-up 
and wash-off process variability in terms of the behaviour of particle size fractions <150µm and 
>150µm has been highlighted in past research literature. In this context, it is also essential to 
investigate the affinity of heavy metals to these two particle size fractions during build-up and 
wash-off. This is necessitated by the fact that pollutant affinity for particulates is influenced by 
several physical and chemical characteristics of the particulates (Bradl, 2004; Gunawardana et al., 
2013; Weber Jr et al., 1991). Gunawardana et al. (2013) identified the significance of the role 
played by particle characteristics such as surface area, organic matter content, clay content and 
metal (Fe, Mn, Al) oxide coatings in the association of heavy metals to different particle size 
ranges. 
The primary objective of the current study was to characterise the variability in particle-bound 
heavy metal build-up and wash-off as the basis to assess process uncertainty. The research 
investigation was based on understanding the build-up and wash-off of heavy metals commonly 
associated with road deposited particles <150µm and >150µm. The study outcomes presented in 
this paper are expected to contribute to the more efficient design of stormwater pollution 
mitigation strategies.  
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2. MATERIALS AND METHODS  
2.1 Study sites  
Eight road sites were selected from two urban suburbs: Clearview Estate-Nerang and Benowa in 
Gold Coast, Australia. Both suburbs are located within the Nerang River catchment in Gold 
Coast. The aerial and street views of road sites are shown in Fig. 1. The four road sites in 
Clearview Estate-Nerang suburb have typical residential urban form, while residential and 
commercial land uses surround the road sites in Benowa suburb. Table 1 presents the details in 
relation to urban form and road surface condition at each suburb.      
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  1. Aerial and street views of road sites.   
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Table 1. Characteristics of the road study sites. 
Suburb 
Urban Form 
Road Surface 
Condition Housing Type 
aHousehold 
Density 
(households/km2) 
aPopulation 
Density 
(residents/km2) 
Clearview 
Estate-
Nerang 
Detached housing 402.6 456.6  
Asphalt paved 
Good condition 
Fair slope 
Benowa 
Detached and town 
housing,  
waterfront properties, 
warehouses, 
workshops 
167.1 1173.4  
Asphalt paved 
Poor condition 
Mild slope 
aABS (2011) 
 
2.2 Build-up and wash-off sampling 
Particulate build-up samples were collected from road surface plots at the eight road sites. The 
sampling was conducted using a wet and dry vacuum system, which consisted of a portable 
vacuum cleaner (Delonghi Aqualand Model) and a spraying unit (60L Swift Compact Sprayer), 
for nine antecedent dry periods: 2, 4, 5, 7, 8, 10, 12, 19 and 24 days. The antecedent dry periods 
were selected to encompass the rapid initial build-up rate which gradually declines with time (Ball 
et al., 1998; Egodawatta and Goonetilleke, 2006). The antecedent dry period was considered to 
commence immediately after a storm event in the study area. Moreover, in each sampling 
episode, the samples were collected from a plot adjacent to the plot where samples were 
collected for the previous antecedent dry period. Further details on the build-up sample 
collection procedure can be found in Wijesiri et al. (2015c).  
Two road sites from each suburb (Yarrimbah Drive and De Haviland Avenue), where the 
highest particulate build-up was detected, were selected for wash-off sampling using rainfall 
simulation. This was to ensure that the heavy metal concentrations in the wash-off samples were 
within the instrument limits of detection. As wash-off is influenced by storm event 
characteristics, it was necessary to simulate events with different intensities and durations. 
Accordingly, storm events with intensities of 45 and 60 mm/hr at Yarrimbah Drive and 30 and 
70 mm/hr at De Haviland Avenue were simulated using an artificial rainfall simulator. The 
performance of the simulator was verified prior to undertaking the field experiments. The storm 
event duration was fixed at 30 min., and six particulate wash-off samples were collected at 5 min. 
intervals from each simulation. The design and operation procedures of the rainfall simulator are 
described in detail in Egodawatta et al. (2007). Additionally, the initially available particulate 
solids samples were also collected from the road sites prior to simulating the storm events.   
2.3 Laboratory analysis  
The context for the laboratory analysis was based on the fact that heavy metals are adsorbed by 
particles as a result of ionic and molecular interactions that take place on the particle surface. 
These interactions occur between different chemical forms of heavy metals and organic and 
inorganic molecular units protruding from the particle surface (surface functional groups), and 
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thereby forming metal complexes (Bradl, 2004; Sposito, 2008). It has been reported in past 
studies that particles with larger surface area to volume ratio have higher adsorption capacity 
(amount of adsorbed substances) as they accommodate greater surface functional groups 
(Cristina et al., 2002; Thomson et al., 1997). Accordingly, the particulate build-up and wash-off 
samples were analysed for volume-based and surface area-based particle size distribution, 
suspended and dissolved solids, heavy metals, and organic matter content. Based on past 
research findings, organic matter content was selected as one of the influential factors in relation 
to heavy metal affinity for particles, and it was preferred over organic carbon content as organic 
matter encompasses a wide range of particle surface functional groups that bind with heavy 
metals (Gunawardana et al., 2013; McBride, 1994).  
Firstly, particle size distributions of build-up and wash-off samples were determined using a 
Mastersizer 3000 analyser which incorporates a laser diffraction technique (Malvern Instrument 
Ltd., 2015). The instrument allows volume-based and surface area-based particle size 
distributions to be detected over a particle size range of 0.01 - 3500 µm.  
Subsequently, particulate build-up and wash-off samples were wet sieved for separation into 
particle size fractions <150µm and >150µm. Gravimetric test methods, 2540C and 2540D 
(APHA, 2012) were adopted to determine particulate solids concentrations. For the analysis of 
heavy metals, each size fractionated sample was first subject to HNO3 digestion using a hot 
block digester (SC154-Environmental Express) in order to extract particle-bound heavy metals 
into solution. The digested samples were then analysed for nine heavy metals: Al, Cr, Mn, Fe, Ni, 
Cu, Zn, Cd and Pb, which are commonly found in the urban environment, particularly in road 
deposited solids (Gunawardana et al., 2015). Inductively Coupled Plasma-Mass Spectrometry 
procedure as given in Method 200.8 (USEPA, 1994) was used employing an Agilent 8800 Triple 
Quadrupole instrument.  
Organic matter content in particle size fractions <150µm and >150µm was determined using 
loss-on-ignition method (Rayment and Lyons, 2011) for particulate samples and by test method 
5310C (APHA, 2012) for dissolved samples. A high temperature muffle furnace (set at 5500C) 
was used to ignite particulate solids samples, and the dissolved organic matter was determined in 
the form of organic carbon, using an organic carbon analyser (Shimadzu TOC-VCSH). The 
measured organic carbon was multiplied by a conversion factor of 1.72 in order to convert to 
organic matter (Baldock and Skjemstad, 1999).  
3. RESULTS AND DISCUSSION  
3.1 Influence of particle size on heavy metal build-up and wash-off 
Fig. 2 shows the surface area-based and volume-based particle size distributions for build-up 
samples collected at Mediterranean Drive, while Fig. 3 shows the particle size distributions for 
wash-off samples collected during the 70 mm/hr event at De Haviland Avenue. It is evident that 
the particle surface area to volume ratio increases with decreasing particle size. This observation 
is consistent with the particle size distributions corresponding to build-up and wash-off samples 
collected at other road sites as shown in Figures S1 and S2 in the Supplementary Information, 
suggesting that the fine particle size fraction contains the majority of heavy metals.   
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Fig. 2. Particle size distribution for particulate build-up at Mediterranean Drive: (a) Volume-
based (VOL); (b) Surface area-based (SURF).   
Fig. 4 shows the concentrations of the heavy metals associated with the build-up of particle size 
fractions <150µm and >150µm at Mediterranean Drive. It is evident that all nine heavy metal 
species are predominantly concentrated in the particle size fraction <150µm except for a few 
anomalies in build-up events corresponding to antecedent dry periods of 7 and 8 days. This fact 
is further evident from the distribution of these heavy metal species in the build-up of the two 
particle size fractions at other road sites (Figures S3 – S9 in the Supplementary Information). 
Moreover, in addition to the concentration, it was also evident from the comparison of heavy 
metal loads in the two particle size fractions (Figure S10 in the Supplementary Information) that 
comparatively, particles <150µm provides a more significant contribution to the total heavy 
metal load during build-up.   
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In the case of wash-off, the highest concentrations of most heavy metals were detected in 
particle size fraction <150µm (Fig. 5 and Figures S11 – S13 in the Supplementary Information), 
similar to the build-up. Additionally, Fig. S14 in the Supplementary Information, which shows 
the proportions of heavy metal load associated with the two particle size fractions, also confirms 
the significance of particles <150µm during wash-off. However, the concentration of Cd and Pb 
was significantly higher in particle size fraction >150µm during the 70 mm/hr intensity storm 
event, which was simulated at De Haviland Avenue (Fig. 5). Specifically, Figures S11 – S13 show 
that unlike Cd, the anomalous distribution of Pb in particle size fraction >150µm is more 
common over different road sites and storm events. Additionally, Cr (Figures S11 and S12) and 
Ni (Fig. S13) also exhibit higher concentrations in particle size fraction >150µm. However, the 
anomalies in the distributions of Cr and Ni were limited for specific site and storm event 
conditions similar to the distribution of Cd.  
 
Fig. 3. Particle size distribution for particulate wash-off (70mm/hr event) at De Haviland 
Avenue: (a) Volume-based (VOL); (b) Surface area-based (SURF).   
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The observed anomalies can be attributed to possible re-adsorption of heavy metals in the 
solution (runoff) by particles >150µm, as discussed below. During wash-off, heavy metals 
associated with both particle size fractions, <150µm and >150µm can be released into solution. 
The release of heavy metals are governed by the effects of competitive adsorption by cations 
such as Zn, Fe and Mn (Bradl, 2004; Milberg et al., 1978; Rendell et al., 1980; Santillan-Medrano 
and Jurinak, 1975). The competition by metal cations for binding sites (surface functional 
groups) on particle surfaces can be related to the relative mobility of heavy metals, where the 
more preferred heavy metals for adsorption often have lower relative mobility than those heavy 
metals being released into solution (Sposito, 2008).  
Fig. 4. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Mediterranean Drive; Note: horizontal axis is not to 
scale.   
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The relative mobility describes the mobility of specific particle-bound heavy metals relative to 
the particle mobility in solution, which implies that lower the relative mobility, stronger the 
affinity for particles. As such, the relative mobility of some heavy metals follows the order 
(decreasing mobility): Cd > Zn > Pb > Mn > Ni > Cu > Cr, as described in literature (Banerjee, 
2003; Duong and Lee, 2009; Fernández et al., 2000; Li et al., 2001; Manno et al., 2006; 
Tokalıoğlu and Kartal, 2006). As such, the higher concentrations of Zn, Fe and Mn (Fig. 5 and 
Figures S11-S13) in the particle size fraction <150µm suggest that these heavy metals are 
preferentially adsorbed by particles <150µm, while desorbing some other heavy metals.  
Fig. 5. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during wash-off – 70mm/hr event at De Haviland Avenue. 
The metal extraction experiments conducted by Rendell et al. (1980) suggested that heavy metals 
such as Pb and Cd released by one sediment component can be re-adsorbed by another sediment 
component. Accordingly, the higher concentrations of such heavy metals in the particle size 
fraction >150µm in wash-off samples can be a consequence of this re-adsorption phenomenon. 
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However, it was noted that Rendell’s extraction experiments were conducted over durations 
longer than the durations of storm events simulated in the current investigation (i.e. 30min). This 
implies that heavy metal re-adsorption by particles >150µm can be constrained by the lack of 
sufficient time for the chemical interactions between heavy metals and particles. Consequently, in 
addition to re-adsorption, the anomalous distributions of Pb and Cd in particle size fractions 
<150µm and >150µm may also be influenced by several other factors (e.g. mineralogical 
composition of particulate solids) which need to be further investigated (Bradl, 2004; Reddy et 
al., 2014; Sangiumsak and Punrattanasin, 2014). 
 
Fig. 6. Comparison of the concentrations of organic matter associated with particle size 
fractions <150µm and >150µm during wash-off. 
In fact, the adsorption of heavy metals which are released from particles <150µm, by particles 
>150µm is potentially stimulated by the particle-bound organic matter content which provides 
surface functional groups that form metal organic complexes. Fig. 6 shows the concentrations of 
organic matter associated with the two particle size fractions during wash-off. The organic 
matter concentrations are relatively high in the particle size fraction >150µm compared to those 
in the particle size fraction <150µm during the storm events simulated at De Haviland Avenue. 
However, opposite to the presence of organic matter at De Haviland Avenue, higher organic 
matter concentrations were detected in the particle size fraction <150µm in the storm events 
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simulated at Yarrimbah Drive. Accordingly, these findings are consistent with the fact regarding 
the anomalous distributions of heavy metals (i.e. higher concentrations in the particle size 
fraction >150µm) are more common during the wash-off events at De Haviland Avenue 
compared to those at Yarrimbah Drive.           
In summary, most heavy metals are distributed over particle size fractions <150µm and >150µm 
in a consistent pattern, such that highest heavy metal concentrations can be detected in particle 
size fraction <150µm. Accordingly, the subsequent analyses were undertaken based on the 
hypothesis that temporal variations in build-up and wash-off of heavy metals are consistent with 
temporal variations in build-up and wash-off of particles <150µm and >150µm.  
3.2 Variability in particle-bound heavy metal build-up and wash-off  
Particulate build-up/wash-off scenarios developed by Wijesiri et al. (2015c) are an effective way 
to explain the variations in particulate load and composition (mixture of the amounts of particles 
<150µm and >150µm) built-up over the antecedent dry period and during wash-off. These 
scenarios are combinations of particulate build-up and wash-off events that occur on a 
continuous timeline, and were developed based on the temporal variations of particle size 
fractions <150µm and >150µm over the antecedent dry period and the duration of the storm 
event. The three particulate build-up/wash-off scenarios shown in Fig. 7 were validated for 
replicating the characteristics of build-up and wash-off process variability under specific field 
conditions (e.g. weather, vehicular traffic, road surface conditions).  
As evident from Fig. 7, in each scenario, the build-up event is depicted by a characteristic 
decreasing pattern of particles <150µm and increasing patterns of particles >150µm (Wijesiri et 
al., 2015a). Different combinations of these two build-up patterns distinguish between build-
up/wash-off scenarios, such that a different particulate composition is generated during the 
build-up event corresponding to Dry period 2 in each scenario. Specifically, as evident from 
scenario 2 (Fig. 7b), the particulate composition generated during a build-up event could be 
significantly different from the composition generated during the preceding/following build-up 
events. This implies that two consecutive build-up events may exhibit different patterns. It is also 
evident from Fig. 7 that the composition of retained particulate solids after the wash-off event 
that occurs between two build-up events has significant influence on the build-up pattern. 
Accordingly, scenarios 1 and 2 (Figures 7a and 7b) can be distinguished from scenario 3 (Fig. 7c) 
based on the composition of retained load of particles <150µm and >150µm. It is important to 
note that the patterns of particulate wash-off are not depicted in the build-up/wash-off scenarios 
as both particle size fractions <150µm and >150µm follow a similar pattern (increasing pattern) 
over the duration of the storm event (Sartor and Boyd, 1972; Wijesiri et al., 2015b).  
Moreover, as build-up and wash-off events occur in a regular recurring order on a continuous 
timeline, the scenarios in Fig. 7 effectively depict how variations in particulate load and 
composition during a specific build-up/wash-off event influence these variations during the 
following build-up/wash-off event. This is particularly important for understanding wash-off 
process variability as the washed-off particulate load and composition vary proportionate to the 
load and composition of particulate build-up available at the beginning of the wash-off event 
(Wijesiri et al., 2015b).  
Accordingly, based on the hypothesis described in Section 3.1, the build-up/wash-off scenarios 
for heavy metals, which were considered equivalent to build-up/wash-off scenarios for 
particulates, were used to investigate the characteristics of process variability in heavy metal 
build-up and wash-off. Build-up/wash-off scenarios for heavy metals are combinations of build-
up and wash-off events of heavy metals that take place on a continuous timeline. As such, nine 
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possible scenarios were identified at each of the two road sites: Yarrimbah Drive from Clearview 
Estate-Nerang suburb and De Haviland Avenue from Benowa suburb. These scenarios 
correspond to the nine antecedent dry periods described in Section 2.2. In each scenario, the 
wash-off event precedes the build-up event similar to the order of events depicted in particulate 
build-up/wash-off scenarios shown in Fig. 7. As such, each of the nine antecedent dry periods is 
equivalent to dry period 2 in the scenarios in Fig. 7.   
 
Fig. 7. Scenarios of particulate build-up and wash-off events: (a) Scenario 1; (b) Scenario 2; (c) 
Scenario 3;  B1(<150µm), B1(>150µm) and B2(<150µm), B2(>150µm) are particulate build-up available at the 
end of Dry period 1 and Dry period 2, respectively; R(<150µm) and R(>150µm) are particulate loads 
retaining after the storm event; (Note: intense build-up that potentially occurs on wet road 
surface immediately after a storm event is not shown) (adapted from Wijesiri et al. (2015c)). 
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For each scenario, the data were collected only for the build-up event as the preceding wash-off 
event was the result of a natural storm. It is important to note that these natural storm events 
that occurred prior to each build-up event are different from the storm events simulated for 
wash-off sampling described in Section 2.2. Accordingly, the heavy metal build-up/wash-off 
scenarios are shown in Fig. 8 (Yarrimbah Drive) and Fig. S15 in the Supplementary Information 
(De Haviland Avenue) in terms of the build-up of heavy metals associated with particle size 
fractions <150µm and >150µm. This build-up load of heavy metals consists of both retained 
heavy metals from the previous wash-off event and heavy metals deposited during the 
antecedent dry period that follows the wash-off event. The retained heavy metals load is the 
difference between the load available prior to the storm event and heavy metals washed-off 
during the storm event. The typical patterns of wash-off of heavy metals at both road sites can 
be recognised from Fig. 9 and Fig. S16 in the Supplementary Information, which show the heavy 
metal loads retained after the simulated storm events. The retained heavy metals load was 
considered in order to investigate the relationship between the preceding wash-off event and the 
following build-up event.     
Fig. 8. Heavy metal build-up for scenarios of build-up and wash-off events at Yarrimbah Drive. 
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Fig. 9. Wash-off of heavy metals associated with particle size fractions <150µm and >150µm 
during 45mm/hr event at Yarrimbah Drive-YD45 and 70mm/hr event at De Haviland Avenue-
DHA70 (given as retained heavy metals load after each storm event): Note: build-up of heavy 
metals available prior to simulating each storm event is shown in the vertical axis. 
As evident from Fig. 8 and Fig. S15, at both road sites, the built-up load of heavy metals 
associated with particle size fraction <150µm is greater than that of heavy metals associated with 
particle size fraction >150µm for all the scenarios except for some scenarios with antecedent dry 
periods of 7, 8 and 24 days. Accordingly, based on the hypothesis that temporal variations in 
heavy metal build-up are consistent with those of particulates <150µm and >150µm, it can be 
concluded that heavy metals exhibit build-up pattern similar to particulate build-up pattern as in 
the build-up/wash-off scenario 2 (Fig. 7b). In fact, this observation in relation to Yarrimbah 
Drive is consistent with the respective particulate build-up pattern reported in Wijesiri et al. 
(2015c). However, the particulate build-up patterns at De Haviland Avenue identified in the 
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same study (as in build-up/wash-off scenario 1 or 3 in Fig. 7) do not comply with the respective 
build-up patterns of heavy metals. This was further investigated using the patterns of heavy 
metal wash-off at Yarrimbah Drive and De Haviland Avenue. 
According to Fig. 9 and Fig. S16, at Yarrimbah Drive, the retained heavy metal load associated 
with particle size fraction <150µm is greater than that associated with particle size fraction 
>150µm, except for some cases of Mn and Zn. This implies that the wash-off pattern of most 
heavy metals at Yarrimbah Drive would be similar to the wash-off pattern in build-up/wash-off 
scenario 2 in Fig. 7b. However, this wash-off pattern of heavy metals is not consistent with that 
of particulates (i.e. the retained load of particle size fraction <150µm is less than that of particle 
size fraction >150µm as in build-up/wash-off scenario 3 in Fig. 7c) at the same road site 
(Wijesiri et al., 2015c).  
On the other hand, at De Haviland Avenue, all heavy metals except for some cases of Ni, Cd 
and Pb exhibit similar wash-off patterns (Figures 9 and S16). This means that the retained load 
of heavy metals associated with particle size fraction <150µm was less than that of heavy metals 
associated with particle size fraction >150µm. Moreover, Wijesiri et al. (2015c) noted similar 
particulate wash-off patterns at De Haviland Avenue (as in build-up/wash-off scenario 3 in Fig. 
7c). This implies that unlike at Yarrimbah Drive, wash-off patterns for heavy metals and 
particulates are consistent at De Haviland Avenue.          
Accordingly, it was found that the build-up of heavy metals are consistent with those of 
particulates at Yarrimbah Drive, while wash-off of heavy metals are consistent with those of 
particulates at De Haviland Avenue. Moreover, the inconsistencies observed between wash-off 
of heavy metals and particulates at Yarrimbah Drive, and build-up of heavy metals and 
particulates at De Haviland Avenue could be primarily attributed to interactions between heavy 
metals and particulates <150µm and >150µm such as re-adsorption, particularly during wash-off 
(under wet weather conditions). This implies that the potential changes in heavy metal affinity 
for particulates significantly influence the variations in heavy metal load and composition over 
consecutive build-up and wash-off events. In summary, the variability induced by the behaviour 
of different sized particles during build-up and wash-off can result in variations in load and 
composition of heavy metals entrained in stormwater runoff, and thereby influencing stormwater 
quality. 
3.3 Potential implications of process uncertainty  
Accounting for changes in heavy metal load and composition at a given point in time that result 
from build-up and wash-off process variability can be critical in the context of effective 
stormwater pollution mitigation. This can be achieved by assessing process uncertainty that 
arises from process variability. Wijesiri et al. (2015c) recommended that accounting for variability 
in pollutant build-up and wash-off in stormwater quality models, which provide critical 
information (stormwater quality predictions) for formulating pollution mitigation strategies 
(Loucks et al., 2005), enables the quantitative assessment of process uncertainty.  
This means that incorporation of process variability into a currently available stormwater quality 
model (primary model) changes the mathematical formulation of build-up and wash-off, 
resulting in a revised model. In addition to the modelling uncertainty that generally builds into 
model outcomes, the changes to the primary model will potentially generate uncertainty in the 
outcomes of the revised model. Moreover, the changes to the primary model may not 
significantly affect the model prediction performance. This is due to the approach proposed by 
Wijesiri et al. (2015c), which revised the mathematical form of the replication equations of build-
up and wash-off, but does not lead to a different model structure which could affect the model 
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prediction performance (Bertrand-Krajewski, 2007; Butts et al., 2004). Therefore, it is possible to 
conclude that the uncertainty resulting from the revised model, which can be statistically 
quantified, will reflect the inherent process uncertainty due to process variability.   
Stormwater quality models are primarily based on the processes that particulates undergo. These 
models account for the effects of particle-bound pollutants by conceptualising pollutant 
attachment to particulates. For example, the surface runoff quality module in Mike URBAN 
considers pollutants attached to fine (<500µm) and coarse (>500µm) particles. However, such 
conceptualisations do not adequately address the variations in pollutant load and composition 
over the antecedent dry period and during storm events (MikeUrban, 2014b). This means that 
current tools (stormwater quality models) employed to create pollution mitigation strategies are 
deficient in addressing the variations in load and composition of heavy metals during build-up 
and wash-off, which are induced by the behaviour of particulates <150µm and >150µm, limiting 
the accounting of process uncertainty. Specifically, the potential inconsistencies identified 
between heavy metal and particulate build-up/wash-off events need to be characterised in the 
model description of pollutant attachment to particulates, in order to ensure the accurate 
accounting of the process uncertainty.   
Moreover, the uncertainty assessment approaches need to be evidence based rather than relying 
on various subjective criteria in order to quantitatively assess uncertainty inherent to build-up 
and wash-off processes. However, current uncertainty assessment techniques used in stormwater 
quality modelling such as Generalized Likelihood Uncertainty Estimation (GLUE) (Beven and 
Binley, 1992) and Classical Bayesian Approach based on Markov Chain Monte Carlo (MCMC) 
method and the Metropolis-Hastings Sampler (Beven, 2009; Doherty, 2003) are found to have 
drawbacks that limit their application. Several past studies (e.g. Dotto et al., 2012; Freni et al., 
2008; Freni et al., 2009; Freni and Mannina, 2010; Mannina and Viviani, 2010) have noted that 
these drawbacks constrain objective assessment of uncertainty. Although it is necessary to 
improve the current uncertainty assessment techniques, they can be effective in assessing process 
uncertainty when the characteristics of pollutant build-up and wash-off process variability 
identified in this study are incorporated into stormwater quality modelling.           
4. CONCLUSIONS 
The variability characteristics of heavy metal build-up and wash-off were investigated based on 
the temporal variations in build-up and wash-off of heavy metals associated with particulates 
<150µm and >150µm. The distribution of heavy metals between particle size fractions <150µm 
and >150µm during build-up and wash-off was found to be consistent over different field 
conditions. Most heavy metals are predominantly concentrated in the particle size fraction 
<150µm. However, higher concentrations of some heavy metals such as Pb found in particle size 
fraction >150µm during wash-off could be attributed to re-adsorption taking place in solution 
(runoff).    
The temporal variations in heavy metal load were consistent with the variations in particles 
<150µm and >150µm, when build-up and wash-off are considered as independent occurrences. 
However, these variations are not consistent over consecutive build-up and wash-off events that 
occur on a continuous timeline. This is attributed to the interactions between heavy metals and 
particulates <150µm and >150µm such as re-adsorption, particularly under wet weather 
conditions. 
The characteristics of process variability in heavy metal build-up and wash-off identified suggest 
that the behaviour of different sized particles during build-up and wash-off influences variations 
in load and composition of heavy metals. This implies that uncertainty inherent to heavy metal 
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build-up and wash-off processes contributes to variations in stormwater quality in a catchment. 
The variations in stormwater quality need to be accounted for in the context of stormwater 
pollution mitigation. The quantitative accounting of process uncertainty will ensure the accurate 
interpretation of the outcomes derived from modelling studies, and thereby enhancing 
stormwater pollution mitigation strategies.   
SUPPLEMENTARY INFORMATION 
The volume-based and surface area-based particle size distributions for particulate build-up (for 
all road sites except Mediterranean Drive) and wash-off (for all simulated storm events except 
the 70mm/hr event at De Haviland Avenue), the concentration of heavy metals associated with 
particle size fractions <150µm and >150µm during build-up (for all road sites except 
Mediterranean Drive) and wash-off (for all simulated storm events except the 70mm/hr event at 
De Haviland Avenue), the load of heavy metals associated with particle size fractions <150µm 
and >150µm during build-up and wash-off, the heavy metal build-up for scenarios of build-up 
and wash-off events at De Haviland Avenue, and the wash-off of heavy metals associated with 
particle size fractions <150µm and >150µm during 60mm/hr event at Yarrimbah Drive and 
30mm/hr event at De Haviland Avenue are provided. 
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Fig. S1. Volume-based (VOL) and surface area-based (SURF) particle size distributions for 
particulate build-up.   
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Fig. S2. Volume-based (VOL) and surface area-based (SURF) particle size distributions for 
particulate wash-off.    
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 Fig. S3. Comparison of the concentrations of heavy metals associated with particle size 
fractions <150µm and >150µm during build-up – Yarrimbah Drive. Note: horizontal axis is not 
to scale.   
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Fig. S4. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Carine Court. Note: horizontal axis is not to scale.   
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Fig. S5. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Merloo Drive. Note: horizontal axis is not to scale.   
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Fig. S6. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Winchester Drive. Note: horizontal axis is not to scale.   
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Fig. S7. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Strathaird Road. Note: horizontal axis is not to scale.   
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Fig. S8. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – Village High Road. Note: horizontal axis is not to scale.   
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Fig. S9. Comparison of the concentrations of heavy metals associated with particle size fractions 
<150µm and >150µm during build-up – De Haviland Avenue. Note: horizontal axis is not to 
scale.   
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Fig. S10. Comparison of the load (percentage) of heavy metals associated with particle size 
fractions <150µm and >150µm during build-up.   
 
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
 
 
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
 
 
Al Cr Mn Fe Ni Cu Zn Cd Pb
0
20
40
60
80
100
P
er
ce
nt
ag
e 
Lo
ad
<150µm
>150µm
Yarrimbah Drive
De Haviland Avenue
Strathaird Road
Merloo Drive Winchester Drive
Carine Court
Village High Road
Mediterranean Drive
33 
 
 
Fig. S11. Comparison of the concentrations of heavy metals associated with particle size 
fractions <150µm and >150µm during wash-off – 45mm/hr event at Yarrimbah Drive.   
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Fig. S12. Comparison of the concentrations of heavy metals associated with particle size 
fractions <150µm and >150µm during wash-off – 60mm/hr event at Yarrimbah Drive.   
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Fig. S13. Comparison of the concentrations of heavy metals associated with particle size 
fractions <150µm and >150µm during wash-off – 30mm/hr event at De Haviland Avenue.   
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Fig. S14. Comparison of the load (percentage) of heavy metals associated with particle size 
fractions <150µm and >150µm during wash-off.   
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Fig. S15. Heavy metal build-up for scenarios of build-up and wash-off events at De Haviland 
Avenue. 
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Fig. S16. Wash-off of heavy metals associated with particle size fractions <150µm and >150µm 
during 60mm/hr event at Yarrimbah Drive-YD60 and 30mm/hr event at De Haviland Avenue-
DHA30 (given as retained heavy metals load after each storm event). Note: build-up of heavy 
metals available prior to simulating each storm event is shown in the vertical axis. 
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